Previous studies have shown that neuron-specific deletion of serum response factor (SRF) results in deficits in tangential cell migration, guidance-dependent circuit assembly, activity-dependent gene expression, and synaptic plasticity in the hippocampus. Furthermore, SRF deletion in mouse embryonic stem cells causes cell death in vitro. However, the requirement of SRF for early neuronal development including neural stem cell homeostasis, neurogenesis, and axonal innervations remains unknown. Here, we report that SRF is critical for development of major axonal tracts in the forebrain. Conditional mutant mice lacking SRF in neural progenitor cells (Srf-Nestin-cKO) exhibit striking deficits in cortical axonal projections including corticostriatal, corticospinal, and corticothalamic tracts, and they show a variable loss of the corpus callosum. Neurogenesis and interneuron specification occur normally in the absence of SRF and the deficits in axonal projections were not due to a decrease or loss in cell numbers. Radial migration of neurons and neocortical lamination were also not affected. No aberrant cell death was observed during development, whereas there was an increase in the number of proliferative cells in the ventricular zone from embryonic day 14 to day 18. Similar axonal tract deficits were also observed in mutant mice lacking SRF in the developing excitatory neurons of neocortex and hippocampus (Srf-NEX-cKO). Together, these findings suggest distinct roles for SRF during neuronal development; SRF is specifically required in a cell-autonomous manner for axonal tract development but is dispensable for cell survival, neurogenesis, neocortical lamination, and neuronal differentiation.
Introduction
Neuronal development in the CNS is an intricately coordinated process that involves proliferation and maintenance of neural precursor cells (NPCs), neurogenesis, growth and extension of axons and dendrites, and structural organization within specific brain regions. At the molecular level, these processes are regulated by several extracellular cues through activation of specific transcriptional programs (Goldberg et al., 2002; Zhou and Snider, 2006) . Serum response factor (SRF) is a stimulusdependent transcription factor belonging to the Mcm1-Agamous-Deficiens-SRF-domain family of transcriptional regulators. Thus far, the roles of SRF in CNS development remain poorly understood because of early embryonic lethality of SRFnull mice (Arsenian et al., 1998) . Recent studies using conditional SRF mutant mice have begun to elucidate the importance of SRF in CNS development and adult function. Perinatal neuronspecific deletion of SRF results in several developmental abnormalities, including defects in tangential neuronal migration along the rostral migratory stream, deficits in axon guidance within the hippocampal mossy fiber circuitry, hippocampal lamination and dendritic complexity of hippocampal pyramidal neurons, and ultimately resulting in lethality by 3 weeks of age (Alberti et al., 2005; Knöll et al., 2006; Stritt and Knöll, 2010) .
In contrast, mice carrying postnatal forebrain-specific deletion of SRF are viable and fertile, and do not exhibit any of the above developmental abnormalities (Ramanan et al., 2005; Etkin et al., 2006) . Instead, these mice exhibit specific deficits in activity-dependent expression of several immediate early genes (IEG), including c-Fos, Egr-1, and Arc, in the hippocampus and neocortex (Ramanan et al., 2005) . SRF ablation does not affect basal synaptic transmission but disrupts both early and late phases of LTP and LTD in hippocampus and in cultured cerebellar Purkinje neurons (Ramanan et al., 2005; Etkin et al., 2006; Smith-Hicks et al., 2010) . Interestingly, SRF loss does not affect neuronal cell survival and maintenance (Ramanan et al., 2005) . Defects in activity-dependent transcription and synaptic plasticity are the likely underlying causes of learning and memory deficits observed in these mice (Etkin et al., 2006; Johnson et al., 2011) .
Despite these advances, the role of SRF in neural progenitor cell homeostasis, neurogenesis, and neuronal maturation during early brain development remains unknown. In this study, we conditionally deleted SRF in NPCs using a nestin-cre transgenic line to investigate earlier developmental roles of SRF. Srf-Nestin-cKO mutants exhibited neonatal lethality along with several abnormalities in brain architecture. Closer analysis revealed that loss of SRF affected the development of major CNS axonal fiber tracts. However, neurogenesis, neuronal subtype specification, and neuronal survival were unaffected. Similarly, Srf-NEX-cKO mutant mice, lacking SRF only in postmitotic glutamatergic neurons in the neocortex and hippocampus, also exhibited defects in axonal projections suggesting a cell-autonomous role of SRF in axon growth in vivo. Contrary to previous findings, neocortical lamination occurs normally in both these lines of mutant mice. Last, examination of NPCs revealed an accumulation of precursors in Srf-Nestin-cKO mutants suggesting that SRF plays an important role in NPC homeostasis. Thus, our study reveals a critical role for SRF in NPC maintenance and axon outgrowth during CNS development.
Materials and Methods

Animals. Srf
f/f mice (control) were maintained as a homozygous colony as previously described (Ramanan et al., 2005) . The Srf f/f were crossed to the nestin-Cre transgenic mouse strain (Tronche et al., 1999 ) (The Jackson Laboratory, Stock # 003771) to generate Srf f/ϩ; Nestin-Cre double heterozygous mice. The double heterozygous mice were bred to Srf f/f mice to obtain Srf f/f; Nestin-Cre (Srf-Nestin-cKO) mutant mice in the expected Mendelian ratio. Similarly, Srf f/f mice were bred to the NEXcre transgenic mice to generate Srf f/f; NEX-Cre (Srf-NEX-cKO) mice . The Srf-NEX-cKO mice were viable and were bred to Srf f/f mice to propagate the colony. For experiments that required embryos of various developmental stages, we set up timed pregnancies with the day following detection of a vaginal plug being identified as embryonic day 0.5 (E0.5). All experiments were approved by the Animals Studies Committee, Division of Comparative Medicine, Washington University School of Medicine, St. Louis, MO.
Immunohistochemistry. Immunohistochemistry was performed as previously described (Ramanan et al., 2005) . Briefly, postnatal day 0.5 (P0.5) and older animals were fixed by transcardial perfusion. The brains were cryopreserved in 30% sucrose, frozen, and stored at Ϫ80°C until use. For staining, 12-16 m cryosections were made and incubated in blocking/permeabilization solution containing 3% normal goat serum and 0.3% Triton-X in PBS. Embryos until E18.5 were drop-fixed in 4% PFA followed by cryopreservation in 30% sucrose. The following primary antibodies were used: NeuN (1:1000, Millipore Bioscience Research Reagents), SRF (1:1500, Santa Cruz Biotechnology), 2H3/ Neurofilament (1:1000, DSHB), activated-Caspase 3 (1:1500, Millipore), Tbr2/EOMES (1:50, Santa Cruz Biotechnology), Tbr1 (1:250, Santa Cruz Biotechnology), Cux1 (1:5000, Santa Cruz Biotechnology), 40E-C/ Vimentin (1:50, DSHB), somatostatin (SST; 1:600, Santa Cruz Biotechnology), calbindin (1:2000, Sigma-Aldrich), parvalbumin (1:1000, SigmaAldrich), Gad-6 (1:500, DHSB), p-histone H3 (1:500, Sigma-Aldrich), Ki67 (1:500, BD Biosciences), and Sox2 (1:100, Santa Cruz Biotechnology). The following secondary antibodies were used: anti-goat Cy3 (1: 300, Jackson ImmunoResearch), anti-mouse Alexa Fluor 594 and Alexa Fluor 488 (1:500, Invitrogen), and anti-rabbit Alexa Fluor 488 and Alexa Fluor 594 (1:500, Invitrogen).
TUNEL. Embryonic and neonatal brains were perfused with 4% PFA and cryoprotected in 30% sucrose. Samples were sectioned at 12-16 m. Before staining, sections were permeabilized with 0.1 M citrate buffer, pH 6.0, at 80°C for 30 min. Slides were rinsed with PBS and immersed in 0.1 M Tris-HCl containing 3% BSA and 20% bovine serum for 30 min at room temperature. Finally, 50 -100 l of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) reaction mixture (Roche) was added per slide and incubated at 37°C in a humidified chamber in dark to complete the staining.
In situ hybridization. In situ hybridization was performed as previously described (Ramanan et al., 2005) . The cDNA clones of Cux2, Klf6, Lhx5, Lmo4, Nfix, Nr4a2 , and Sox5 for riboprobes were generously provided by Paul Gray, Washington University School of Medicine, St. Louis, MO. Both sense and antisense riboprobes were synthesized and hybridized and sense strand probes did not produce any signal above that of the background.
Cell counts. High-magnification (10ϫ or 20ϫ) images of 10 nonconsecutive bregma axis-matched sections were taken using a Nikon 80i epifluorescence microscope. A universal threshold determined by signal to background ratio was applied to all images from control and knockout samples. Positive cells based on their nuclear staining were counted using Analyze Particle function with constraints on the particle size in pixels (300 -2000 pixels) and circularity of the particle (0.4 -1.0) in ImageJ software. Total number of counts per area in pixel square was computed and converted to counts per square micrometers based on the magnification of the image.
DiI labeling. Tiny crystals of 1,1-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) similar in size were placed on the surface of the motor and the visual cortices (ipsilateral hemisphere) of neonatal Srf-Nestin-cKO, Srf-NEX-cKO, and control littermate brains, using an insect needle pin. Control and knock-out littermate brain pairs were positioned next to each other to ensure crystal placements were as comparable as possible. Samples were incubated in 37°C for 2-4 weeks and then sectioned coronally, sagittally, or horizontally at 100 m thickness using a vibratome. Sections were collected as floating sections and mounted serially on glass microscope slides using Vectashield mounting medium with DAPI (Vector Laboratories). For DiI staining of thalamocortical axons in sections, glass beads (250 m, acid-washed, Supelco) were coated with DiI (2 mg of DiI in 100 l of methylene chloride to coat 300 mg of glass beads). A single DiI-coated bead was placed in the ventral thalamus of 100 m paraformaldehyde-fixed coronal section and incubated for 3 weeks at 37°C.
Quantification of axonal projections. DiI-labeled corticostriatal projections in 2-3 slices were measured for projection length using ImageJ to track and record the absolute length in pixels and then converted to micrometers. For measuring the target innervation of corticothalamic projection, DiI-labeled thalamic area was measured using ImageJ in square pixels and then converted to square micrometers. Mean of projection length or target innervation area of comparable sections from three pairs of control and mutant animals was calculated to quantify for the difference between control and mutants.
Nissl staining. Fresh frozen brains were sectioned at 20 m and mounted on gelatin-coated glass slides. After overnight drying, slides were immersed in 0.5% cresyl violet in water for 10 min; rinsed in H 2 O; dehydrated serially in 50%, 75%, 95%, and 100% ethanol (2 min each), followed by two rinses in xylenes (3 min each); and then coverglass mounted with permount histology mounting medium.
Statistical analyses. The mean, SD and SEM for cell counts were calculated from images, which were sampled serially to encompass a structural region. Pups of either sex (n ϭ 3-5) from at least two different litters were used in all experiments. Statistical significance between control and mutant pair was determined by Student's t test.
Results
Ablation of SRF in Srf-Nestin-cKO mutant brain
To determine the role of SRF in neurogenesis and CNS development, we deleted SRF using a nestin-Cre transgenic mouse line, in which Cre-mediated recombination has been shown to occur ϳE9.5 to E11.5 (Tronche et al., 1999) . Srf-Nestin-cKO animals were born in the expected Mendelian ratio, but the mutant mice did not survive beyond P1 due to unknown reasons. The SrfNestin-cKO mice were physically indistinguishable from control littermates (Srf f/f ) but exhibited neonatal hemorrhage starting ϳ12-16 h after birth (Fig. 1 A) . In the Srf-Nestin-cKO mutant mice, SRF deletion begins ϳE12.5 and is complete by E14.5 in the brain and spinal cord as determined by immunohistochemistry (data not shown). SRF loss was also confirmed by immunoblotting using whole brain lysates from neonatal control and SrfNestin-cKO mice (Fig. 1 B) . A closer examination of spatial deletion of SRF at P0.5 in Srf-Nestin-cKO brains by immunostaining using anti-SRF antibody demonstrates loss of SRF in all regions examined, including the neocortex, hippocampus, striatum, thalamus, and hypothalamus (Fig. 1C, data not shown) . Coimmunostaining for NeuN, a marker of mature neurons, and SRF showed absence of SRF expression in neurons throughout the brain (Fig. 1 D, data not shown) .
To analyze the consequence of SRF ablation on brain morphology, we performed nissl staining of P0.5 Srf-Nestin-cKO and control brains. The mutant mice exhibited enlarged lateral ventricles and the corpus callosum was present only in the most rostral part of the brain (Fig. 1 E) . In the Srf--Nestin-cKO mutant brain, several of the white matter tracts were notably absent or greatly diminished compared with control mice. In the rostral forebrain, the anterior commissure was absent and the lateral ventricular zones were also enlarged in Srf-Nestin-cKO mice (Fig.  1 E) . More caudally, the stria medullaris, mammilothalamic tract, internal capsule, and anterior commissure were also markedly diminished in Srf-Nestin-cKO mice compared with those in control littermates (Fig. 1 E) . The hippocampus was smaller and the dentate gyrus was more compact while the CA1 pyramidal cell layer was disorganized (Fig. 1 F) .
SRF is required for proper establishment of cortical axonal innervations
Given these deficits in white matter tracts, we further analyzed axon growth in Srf-Nestin-cKO mice. Immunostaining using anti-neurofilament antibody (anti-2H3) revealed striking loss of entorhinal-hippocampal or perforant path innervations in the hippocampus of Srf-Nestin-cKO mutants (Fig. 2 A, n ϭ 3 animals). The entorhinal-hippocampal pathway, which is important for hippocampal plasticity (Bliss and Gardner-Medwin, 1973) , is comprised of the axonal projections primarily from the entorhinal cortex layer II/III neurons that innervate all fields of CA1 pyramidal neurons, granular neurons of the dentate gyrus, and subicular neurons in the hippocampus (Witter et al., 2000) . Furthermore, we found a substantial reduction in corticostriatal innervations, which arise mainly from layer V cortical pyramidal Figure 1 . SRF deletion in Srf-Nestin-cKO mutants. A, Srf-Nestin-cKO mice exhibited neonatal hemorrhage starting 12-16 h after birth while the brains of control littermates were normal. The mutant mice died by 18 -24 h. The weight of the brains was comparable. B, Immunoblotting using whole brain lysates shows complete loss of SRF in P0.5 Srf-Nestin-cKO mice. C, Immunostaining using a SRF-specific antibody shows loss of SRF expression in forebrain regions including the neocortex, striatum, and hippocampus. Scale bars: Neocortex, 50 m; others, 150 m. D, Coimmunofluorescence staining for SRF and the neuron-specific marker, NeuN, shows deletion of SRF in neurons of Srf-Nestin-cKO mice compared with control littermates. Scale bar, 30 m. E, Forebrain nissl staining reveals several abnormalities in the mutant brains. Compared with control littermates, Srf-Nestin-cKO mice exhibit enlarged lateral ventricles (asterisk) and greatly diminished anterior commissure (a.c), stria medullaris (str.), mammilothalamic tract (m.t), and internal capsule (i.c). F, Closer examination of the mutant hippocampus shows that the dentate gyrus is more compact (arrow) and cellular lamination of CA3 and CA1 fields are more aberrant (arrowheads) than those of control littermates. Asterisk indicates enlarged lateral ventricle in the caudal forebrain. Scale bar, 150 m.
neurons in the Srf-Nestin-cKO mutants compared with control littermates (Fig. 2 B, n ϭ 3 animals). As observed with nissl staining, anti-2H3 staining also revealed a lack of or deficits in anterior commissure, fasciculus retroflexis, and internal capsule in SrfNestin-cKO mice compared with control mice (Fig. 2C , n ϭ 3 mice). We also performed anti-␤-III tubulin (anti-Tuj1) immunostaining of sagittal brain sections to visualize the corticospinal tract projections of pyramidal neurons in layer V of the motor cortex. We observed significantly less abundant corticospinal projections through the internal capsule and cerebral peduncle in the Srf-Nestin-cKO brains as compared with control littermates (data not shown).
In addition to immunostaining, we used DiI labeling to visualize axonal projections in vivo. DiI crystals were placed on the surface of the brain corresponding to the motor and visual cortices of one hemisphere (Fig. 3A) . To ensure the comparisons between control and mutant brain sections are made accurately, we cross-examined all coronal serial sections from the anterior to the posterior forebrain. As observed for anti-neurofilament immunostaining (anti-2H3), DiI labeling showed significant deficits in the corticostriatal projections in Srf-Nestin-cKO brains. In the anterior forebrain region of control mice, the projections from the cortical neurons clearly innervated the striatum. However, in Srf-Nestin-cKO brains these projections mostly terminate in the lateral corpus callosum and fail to reach their targets in the striatum ( Fig. 3 B, D; projection length: control, 460 Ϯ 13 m; SrfNestin-cKO, 248 Ϯ 55 m; n ϭ 2 mice; p Ͻ 0.05). In the posterior forebrain of control mice, we observed robust corticothalamic projections innervating the thalamus. Strikingly, these corticothalamic innervations were absent in Srf-Nestin-cKO brain ( Fig ; p Ͻ 0.01). Furthermore, we also observed lack of innervations to the dorsal hippocampal commissure in the Srf-Nestin-cKO mice (Fig. 3C ). DiI labeling further confirmed the deficits in anterior commissure and corpus callosum observed using anti-2H3 immunostaining (Fig.3 E,F ). We then Figure 2 . Srf-Nestin-cKO mutant mice exhibit axonal growth deficits. A, Neurofilament immunostaining using anti-2H3 antibody reveals absence of entorhinal-hippocampal innervation in the hippocampus of Srf-Nestin-cKO mice. Inset shows the magnified view of the region indicated by the arrow. B, Examination of neurofilament expression in striatum shows less abundant corticostriatal projections in Srf-Nestin-cKO brains than in control littermates, n ϭ 3 mice. Right, Magnified views of the boxed regions in B, showing sparse axonal projections in the Srf-Nestin-cKO mice compared with control littermates. C, Anti-2H3 neurofilament staining shows absence or highly reduced anterior commissure (arrows), fasciculus retroflexis (arrows), and internal capsule. Enlarged view of the boxed region is shown for each fiber tract. Scale bars: A and C, large panels, and B, left, 500 m; A, insets, and B, right, 100 m. DG, Dentate gyrus; Ctx, neocortex; Str, striatum; Hip, hippocampus.
asked whether projections to the cortex were also affected in the mutant mice. DiI-coated beads placed in the ventral thalamus revealed striking deficits in thalamocortical projections in SrfNestin-cKO mutant mice compared with control (Fig. 3G , n ϭ 2 mice). The axonal projection deficits in the Srf-Nestin-cKO mutant mice were consistent in all animals analyzed. Together, these observations suggest that SRF plays a critical role in the formation of axonal tracts during neural development.
Defects in neuronal projections are not a result of cell death or defects in neurogenesis
The deficits in axonal projections could result from a requirement of SRF for axon growth or from cell loss as a result of apoptosis. A previous study has shown that SRF is required for the survival of mouse embryonic stem cells and that SRF promotes cell survival by regulating the expression of the antiapoptotic gene, Bcl-2 (Schratt et al., 2004) . Also, SRF has been shown to promote survival of neocortical neurons under conditions of trophic deprivation in vitro (Chang et al., 2004) . To determine whether deficits in axonal projections are due to cell loss during development, we first assessed cell death using TUNEL assay and immunostaining for activated-caspase 3 expression at P0.5. We did not find any increase in the number of TUNELpositive and activated caspase-3-positive cells in the brains of Srf-Nestin-cKO brains as compared with control littermates (Fig.  4 A) . To ascertain whether increased cell death could have oc- curred earlier during brain development, we analyzed the brains of control and Srf-Nestin-cKO mice at E14.5, E16.5, and E18.5. We did not observe any difference in cell death at any of these stages between Srf-Nestin-cKO and control littermates, suggesting that SRF-deletion does not cause apoptotic cell death during brain development (Fig. 4 B-D) .
Although we did not see any increased cell death in the brains of Srf-Nestin-cKO mice during development, it is possible that the deficits in axonal tract formation observed in these mutant mice could be due to deficits in the total number of neurons generated. To investigate the effect of SRF loss on neurogenesis, we determined the number of neurons in control and Srf-NestincKO brains by immunostaining for NeuN, a marker for mature neuronal cell nuclei. We found that the total number of NeuNpositive cells was similar in both Srf-Nestin-cKO and control littermates ( Fig. 5A-D ; neocortex: control 100 Ϯ 4.5% and knock-out 108.95 Ϯ 6.2%; striatum: control 100 Ϯ 3.5% and knock-out 105.2 Ϯ 4.4%; thalamus: control 100 Ϯ 6.0% and knock-out 106.1 Ϯ 2.7%; hippocampus: control 100 Ϯ 5.9% and knock-out 103.5 Ϯ 8.0%; and dentate gyrus: control 100 Ϯ 7.6% and knock-out 92.8 Ϯ 3.1%. Data shown are mean Ϯ SEM as a percentage of mean; n ϭ 3 mice). Although the dentate gyrus in Srf-Nestin-cKO mice appeared smaller, it had a higher cell density than that of control animals and there were no appreciable differences in total neuronal numbers (Fig. 5C , data not shown). We also analyzed the number of intermediate neuronal precursors (INPs) , as identified by Tbr2 (or Eomes) expression, and found no statistically significant difference in the total number of INPs within the neocortex of Srf-Nestin-cKO mice and control littermates ( Fig. 5E ; control 100 Ϯ 6.5% and knock-out 96 Ϯ 5.8%; p Ͻ 0.001; n ϭ 3 mice). Together, these results demonstrate that SRF is not required for cell survival and neurogenesis and that the deficits in axonal projections observed in Srf-Nestin-cKO brains reflect a specific requirement for SRF for axon growth.
SRF is not required for projection neuron subtype specification and cortical lamination
We next asked whether SRF was required for neuronal subtype specification. The excitatory projection neurons reside in defined layers of the neocortex and make intracortical, subcortical, or subcerebral connections (Molyneaux et al., 2007) . A number of transcription factors, including Fezf2 and Ctip2, are critical for specification of cortical projection neuron subtypes and their loss results in absence of subcerebral and subcortical projections Chen et al., 2005; Molyneaux et al., 2005; Chen et al., 2008) . Therefore, it is possible that the lack of cortical projections observed in Srf-Nestin-cKO mutants could be attributed to a switch in projection neuron identity, a result that could affect neocortical lamination. To study this, we probed for expression of Tbr1, a deep-layer neuronal marker, and Cux1, which is specifically expressed in neocortical layers 2-4 (Hevner et al., 2001; Ferrere et al., 2006) . Immunostaining of P0.5 brains revealed no differences in the layer-specific expression patterns of both Tbr1 and Cux1 in Srf-Nestin-cKO mice and control littermates (Fig. 6 A, B) . Additionally, we also probed for expression of other neocortical layer-specific transcription factors by in situ hybridization (Gray et al., 2004) . Expression patterns of several transcription factors, including Cux2, Klf6, Lhx5, Lmo4, Nfix, Nr4a2 , and Sox5, which specify the identity and position of projection neuron subtypes, were similar between Srf-Nestin-cKO mice and control littermates (Fig. 6C, data not shown) . These results indicate that there are no changes in the establishment of layer-specific neuronal subtypes and neocortical lamination at P0.5 in the brains of Srf-Nestin-cKO mice.
The proper lamination of the neocortex in Srf-Nestin-cKO mice suggested that radial migration of neurons is not affected in the absence of SRF. We found that SRF is also deleted in radial glial cells in Srf-Nestin-cKO mice (data not shown). We immunostained P0.5 brains using anti-vimentin antibody, which labels radial glial processes, and found no gross alteration in the abundance of radial glial processes or the integrity of projections within multiple regions examined including the ventricular zone, neocortex, hippocampus, and corpus callosum (Fig. 6 D, E , data not shown). Together, these findings suggest that loss of SRF does not affect radial glial projections and thereby, the radial migration of neurons and lamination of neocortex.
SRF is not required for interneuron subtype specification
Given the role of SRF in mediating differentiation and development of several cell types in other tissues, we next sought to determine whether SRF is required for specification of interneurons. Interneurons, which show astonishing differences in their electrophysiological, morphological, and molecular properties, are primarily derived from the medial and caudal ganglionic eminences during brain development and then migrate to populate the neocortex as the brain matures (Marín and Rubenstein, 2003; Wonders and Anderson, 2006) . Since Srf-Nestin-cKO mutants do not survive beyond P1, we restricted our analysis to interneuron populations in the striatum. We used immunostaining for anti-Gad-6 to identify the expression of GAD, an enzyme that synthesizes GABA neurotransmitters in all interneurons (Fig.  7A) . We found no significant difference in the overall numbers of interneurons between control and Srf-Nestin-cKO mice (Fig.  7 A, C ; control 100 Ϯ 6.8% and knock-out 98.8 Ϯ 10.8%). Next, we analyzed for different interneuron subtypes, including SSTpositive, parvalbumin-positive, and calbindin-positive cells. We observed no difference in their numbers between Srf-Nestin-cKO mutants and control littermates (Fig. 7 B, C; SSTϩ cells: control 100 Ϯ 7.3% and knock-out 92.6 Ϯ 7.5%; parvalbuminϩ cells: control 100 Ϯ 6.4% and knock-out 117.8 Ϯ 11.2%; calbindin: control 100 Ϯ 7.8% and knock-out 116.0 Ϯ 10.1%). Together, these findings demonstrate that, in addition to projection neuron subtype specification, the establishment of interneuron subtypes occurs normally in the absence of SRF during neuronal lineage commitment.
Neural precursor cell population increases in
Srf-Nestin-cKO mutant mice Quiescent cells that rest in the G 0 state can be induced by extracellular stimuli to express immediate early gene (IEG) programs (Herschman, 1991) . A number of transcription factor-encoding IEGs, such as cFos, c-Myc, Egr-1, and JunB, and are then responsible for activating gene cascades that enable cell progression to the G 1 state (Greenberg and Ziff, 1984; Lau and Nathans, 1985) . SRF-mediated transcription was demonstrated to be necessary for inducing IEG expression in embryonic stem cells and in neurons (Norman et al., 1988; Schratt et al., 2001; Ramanan et al., 2005) . Sequestration of functional SRF was also shown to impede rat embryonic fibroblast and myoblast proliferation, but not selfrenewal of embryonic stem cells (Gauthier-Rouvière et al., 1991; Soulez et al., 1996) . We therefore assessed whether SRF deletion Figure 6 . SRF is dispensable for neocortical lamination and projection neuron subtype specification. A, Immunostaining for Tbr1 expression, a marker of deep layer neurons in the neocortex, shows normal layer VI lamination in Srf-Nestin-cKO and control brains. Shown here is the retrosplenial cortex. B, Immunofluorescence staining for expression of Tbr1 and Cux 1 (a marker for superficial layer neurons) in the neocortex shows that both layer 2/3 and layer VI neurons are specified and positioned normally in knock-out mice. c.c., Corpus callosum. C, In situ hybridization of layer-specific transcription factors, including Lmo4, Cux2, and Lhx5, shows that neocortical lamination and the specification of those subtypes are normal in the absence of SRF. Arrows point to Cux2-or Lhx5-expressing upper layer neurons. Scale bars: A, C, 200 m; B, 100 m. D, Immunostaining using anti-vimentin antibody, expressed in radial glial processes, show that the structural integrity of radial glia is normal in Srf-Nestin-cKO brain. E, Magnified images of boxed regions in D show normal appearance of radial glial processes in Srf-Nestin-cKO mice compared with control mice. Scale bar, 20 m.
affects NPC growth and maintenance in vivo. Proliferating progenitor cells are identified by the expression of phospho-histone H3, which is a modification event that occurs specifically during cell division events of both mitosis and meiosis (Hans and Dimitrov, 2001) . Surprisingly, we observed an increase in phosphohistone H3-positive cells in the proliferative subventricular zone (SVZ) of Srf-Nestin-cKO brains at both E14.5 and E18.5 (Fig.  8 A-D) . Quantitative analyses of the number of phospho-histone H3-positive cells per area of the parameter of the SVZ revealed a 20% and 80% increase in mutants at E14.5 and E18.5, respectively (Fig. 8 E; E14.5 p-histone H3 normalized: control 100 Ϯ 7.3% and knock-out 120.7 Ϯ 7.8%; and E18.5 p-histone H3 normalized: control 100 Ϯ 3.0% and knock-out 180.6 Ϯ 4.2%). We confirmed the increase in proliferative progenitor cell numbers using two additional markers: Ki-67, which is expressed by cells in the cell-cycle phases G 1 , S, and G 2 and in mitosis; and Sox2, a transcription factor expressed in NPC. At E14.5, immunohistochemistry staining of Ki-67 in Srf-Nestin-cKO brains showed an increase in NPC numbers per square micrometer in the SVZ and the neocortex compared with control ( Fig. 8 E, F ; Ki-67 normalized: control 100 Ϯ 18.0% and knock-out 140 Ϯ 6.3%). Similarly, neocortex and SVZ in Srf-Nestin-cKO showed markedly increased numbers of Sox2-expressing cells compared with those in control littermates (Fig. 8 F) . These observations suggest that loss of SRF affects NPC homeostasis during development without affecting NPC survival.
Conditional deletion of SRF in developing forebrain neurons
Our analyses of the Srf-Nestin-cKO mice suggested that SRF plays a specific role in the development of axonal tracts without affecting neurogenesis, neuronal survival, and neuronal subtype specification. However, since SRF deletion occurs in all neural precursor cells before cellular differentiation occurs, it is possible that axon growth defects in Srf-Nestin-cKO mice could be due to a non-cell autonomous requirement of SRF for axon growth. To ascertain whether SRF is required cell autonomously for axon growth, we generated a neuron-specific deletion of SRF using the NEX-Cre transgenic mouse. In the NEX-Cre mouse, cre expression is controlled by the onset of expression of the NEX gene (also known as Math2 or NeuroD6), an early neuronal basic helixloop-helix gene expressed specifically in differentiating neurons (Schwab et al., 1998; Goebbels et al., 2006) . Cre recombinasemediated excision in the NEX-Cre mouse has been shown to take place starting at ϳE11.5 and is restricted only to the glutamatergic neurons in the neocortex and hippocampus, whereas cre expression is not observed in the interneurons and glial cells (Brockschnieder et al., 2004; Goebbels et al., 2006; Kashani et al., 2006) . The Srf-NEX-cKO mice were born in the expected Mendelian ratio but unlike the Srf-Nestin-cKO mice, these mice did not exhibit neonatal lethality and grew to adulthood. We first confirmed deletion at P0.5 by immunostaining and found that SRF deletion was restricted to the neocortex and hippocampus but not in the striatum and other regions of the brain, consistent with previous findings (Fig. 9A-D, data not shown) .
We next asked whether lamination occurs normally in Srf-NEX-cKO mice. We performed immunostaining for laminarspecific markers, Cux1 and Tbr1, on P21 brains. We did not find any deficits in neocortical lamination in Srf-NEX-cKO mice as compared with control littermates (Fig. 9E) . At birth, the lack of defects in lamination in Srf-NEX-cKO mice was similar to that observed for Srf-Nestin-cKO mutant mice (data not shown). Together, these findings suggest neocortical lamination is properly established in the absence of SRF.
SRF mediates cortical neuron target innervation cell autonomously
We next analyzed axonal projections in Srf-NEX-cKO mice at P0.5 using DiI labeling. Two weeks following DiI labeling, sagittal sections of Srf-NEX-cKO mouse brains revealed greatly diminished corticospinal projections, and cortical motor neuron axons passing through the internal capsule were less abundant with very few projections reaching the cerebral peduncle (Fig. 10 A, A',A" ; n ϭ 3 mice).
Comparison of parallel serial sections from the lateral side to the medial region of the forebrain between control and Srf-NEX-cKO mice showed a severe reduction in corticospinal projections in the mutant neocortex (Fig. 10 B; n ϭ 3 mice).
We then examined horizontal sections of control and Srf-NEX-cKO brains after 6 weeks of DiI labeling. On the ventral side of the brain, we observed that the intracortical and corticostriatal connections in Srf-NEX-cKO mice were less abundant and shorter than those observed in control littermates. In particular, a region of the thalamus is clearly innervated in the control brain; however, this innervation is less prominent in the Srf-NEX-cKO brain ( Fig. 10C ; n ϭ 3 mice). In the medial region of the brains, similar to that observed in 2-week-old sagittal sections, it was evident that corticospinal innervations through the striatum to the cerebral peduncle were greatly reduced overall in Srf-NEXcKO mutants compared with control littermates (Fig. 10D) .
We further examined serial coronal sections of control and Srf-NEX-cKO brains at 4 weeks after DiI labeling. In rostral sections, DiI tracing showed that callosal innervations that form the corpus callosum are diminished and shorter in the Srf-NEX-cKO brains (Fig. 10E) . We found less abundant corticostriatal projections in the Srf-NEX-cKO brain (Fig. 10E,F , n ϭ 3 mice), an observation that is consistent with that made in brains of Srf-Nestin-cKO mice using anti-2H3 immunostaining. Toward the caudal end of the forebrain, retrograde DiI labeling revealed that the corticothalamic connections, which are important relays of sensory information between the visual cortex and the lateral geniculate nucleus of the thalamus, were also less robustly established in the Srf-NEX-cKO mice compared with control mice (Fig. 10E,F 
Discussion
Neuronal development in the CNS involves several critical stages including neurogenesis and maturation of neurons, growth and extension of axons, and structural organization within the brain. Our current understanding of the role of SRF in neuronal development comes mainly from studies using mice carrying conditional neuron-specific deletion of SRF in late gestation or in postnatal brain. However, the requirement of SRF for early stages of neuronal development remains unknown. In the present study, we show that conditional deletion of SRF in neural precursor cells (Srf-Nestin-cKO) results in severe deficits in the development of major axonal projections in the forebrain, including corticospinal, corticothalamic, corticostriatal, and thalamocortical tracts along with a variable loss of the corpus callosum. Axonal deficits were seen as early as E14.5 in the Srf-Nestin-cKO mice and there was little or no cell death during development. Interestingly, there was a significant increase in the number of prolif- erating cells in the ventricular zone in Srf-Nestin-cKO mice. Conditional deletion of SRF in embryonic forebrain neurons (Srf-NEX-cKO) also resulted in severe deficits in major axonal projections. Neurogenesis, radial neuronal migration in the neocortex, neocortical lamination, and neuronal subtype specification were unaffected by SRF loss. Together, these findings suggest that SRF is required in a cell-autonomous manner for axon growth and extension. Similar to that observed in mice with prenatal and postnatal deletion of SRF, SRF is dispensable for neuronal survival. Our study identifies a specific role for SRF in promoting axon growth during neuronal development without affecting neurogenesis and neuronal differentiation.
Previous studies have shown that neuron-specific SRF deletion during late gestation in the brain causes deficits in terminal targeting of mossy fiber axons in the hippocampus, while SRF loss in developing sensory neurons in the peripheral nervous system affects NGF-dependent terminal arborization and target innervation (Knöll et al., 2006; Wickramasinghe et al., 2008) . However, proximal axon growth in the peripheral nervous system is not affected while the role of SRF in axon growth in the CNS remains unknown. We found that deleting SRF in neural precursor cells results in severe deficits in axon growth and targeting of cortical axon projections. Observations made in cultured hippocampal neurons have shown that SRF is required for contact-mediated axon repulsion (Knöll et al., 2006) . We did not observe any mistargeted axonal tracts in the brains of Srf-NestincKO mice, suggesting that the lack of target innervation seen in the SRF mutant mice is primarily due to defects in axon growth and not due to defects in axon guidance. We found similar axonal growth defects when SRF was deleted in developing postmitotic neurons in neocortex and hippocampus in Srf-NEX-cKO mutant mice. Unlike Srf-Nestin-cKO mice, the Srf-NEX-cKO mice survived to adulthood, and in preliminary observations, we found that adult Srf-NEX-cKO mice exhibited clasping of limbs in a dystonic manner when subjected to the tail suspension test, which is suggestive of motor dysfunction (Carter et al., 1999; Yamamoto et al., 2000) . Furthermore, consistent with previous observations, we also found that SRF-deficient neurons exhibit highly attenuated axon growth in culture (Knöll et al., 2006) (C. Li and N. Ramanan, unpublished observations) . The similarities in deficits in axon growth in the brains of Srf-Nestin-cKO and Srf-NEX-cKO mice suggested that SRF-dependent transcription plays a cell-intrinsic role in axon growth.
The molecular mechanisms underlying SRF-dependent axon growth remain poorly understood. One mechanism by which SRF potentially regulates axon growth is through association with specific cofactors. We found that blocking the functions of the Ternary Complex Factor-family cofactors of SRF, including Elk-1, does not affect axon growth in cultured neurons (C. Li and N. Ramanan, unpublished observations). However, we and others have found that blocking the functions of myocardin-family cofactors, MKL1 (also known as MAL/MRTF-A) and MKL2 (MRTF-B), by dominant-negative or knockdown approaches or by gene deletion attenuates axon growth in vitro (Knöll et al., 2006; Shiota et al., 2006; Wickramasinghe et al., 2008; Mokalled et al., 2010 ) (C. Li and N. Ramanan, unpublished observations). Mutant mice that lack both MKL1 and MKL2 in the brain exhibit deficits in dendritic growth in the neocortex and hippocampus as assessed by MAP2 and Golgi staining (Mokalled et al., 2010) . However, the effect of MKL1/MKL2 loss on axon growth in vivo has not been reported in these mice. In the peripheral nervous system, SRF has been shown to function downstream of NGFsignaling to regulate terminal arborization of axons and target innervation (Wickramasinghe et al., 2008) . Furthermore, NGF signaling to SRF is dependent on both ERK/MEK and MAL/MKL1 signaling pathways. The findings from the peripheral nervous system raise an interesting question as to which extracellular signals might stimulate SRF-dependent transcription during axon growth in the brain. Currently we lack sufficient knowledge on the nature of the extracellular signals and the identities of SRF target genes critical for axon growth in the CNS. It is likely that SRF functions downstream of growth factors such as BDNF to regulate axon growth. SRF could also regulate axon growth by regulating the expression of components of the actin cytoskeleton, including ␤-actin, ␥-actin, paxillin, vinculin, and talin (Schratt et al., 2002) . In fact, previous studies including our own have shown that ␤-actin expression is reduced in SRF knock-out neurons (Alberti et al., 2005; Ramanan et al., 2005; Knöll et al., 2006) , and it was hypothesized that reduction in actin levels was one of the underlying causes for neurite outgrowth deficits observed in SRFdeficient neurons. However, overexpression of actin was found to be insufficient to rescue the growth deficits of SRF-null neurons (Knöll et al., 2006; Stern et al., 2009) . Since SRF regulates the expression of several cytoskeletal proteins (Schratt et al., 2002) , it is possible that the neuronal growth deficits exhibited by SRF-deficient neurons could be due to a breakdown in cytoskeletal apparatus critical for growth and extension.
We did not observe any increased cell death in the brains of Srf-Nestin-cKO and Srf-NEX-cKO mutant mice during development. There was also no noticeable difference in neuronal cell numbers in older Srf-NEX-cKO mice, and this is consistent with our previous findings that SRF deletion does not result in cell death or neurodegeneration in the CNS (Ramanan et al., 2005) . Interestingly, SRF deletion in neural precursor cells did not cause apoptotic cell death, a phenotype that contrasts with observations made in SRF-deficient embryonic stem cells (Schratt et al., 2004) . SRF-deficient mouse ES cells exhibited apoptotic cell death both in vitro and in vivo (Schratt et al., 2004) . Our findings suggest that SRF is dispensable for survival of NPCs both in vitro and in vivo (our unpublished observations). In contrast, we observed an increase in the total number of p-histone-H3 and Sox2-positive cells in Srf-Nestin-cKO mice. A recent elegant study showed that SRF deletion in neurons affects oligodendrocyte differentiation in a paracrine manner . Consistent with this observation, we also observed a decrease in Olig2ϩ cells at birth in Srf-Nestin-cKO mice (our unpublished observations). Therefore, a likely explanation for the increase in NPC numbers in Srf-Nestin-cKO mice is that SRF loss in NPCs affects oligodendrocyte differentiation, thereby resulting in an increase in undifferentiated neural precursor cells. Together, these observations suggest that there are distinct requirements for SRF in ES cells and in NPCs for cell survival.
Previous studies have shown that SRF has a profound role in regulating cell-type specific gene expression that underlies the development of many cell types. A number of tissue-specific inactivation studies later elucidated essential functions of SRF for the development of cardiac muscle cells (Niu et al., 2005 (Niu et al., , 2008 Zhao et al., 2005) , the differentiation of smooth muscles (Miano et al., 2004; Parlakian et al., 2004) , and the normal proliferation and differentiation of keratinocytes (Koegel et al., 2009 ). We observed no differences in total number of NeuN-positive cells in Srf-Nestin-cKO mice, suggesting that SRF is dispensable for neurogenesis in the brain. We also found that neuronal subtype specification and both interneuron and neocortical lamina-specific neuron identities were properly established in the absence of SRF. The findings that SRF-deficient neurons negatively influence oligodendrocyte differentiation suggest that SRF-dependent transcription can promote cell-type specification in the brain .
SRF deletion in developing neurons has been shown to affect tangential cell migration along the rostral migratory stream (Alberti et al., 2005) . We also observed similar tangential migration deficits in the Srf-Nestin-cKO mice (our unpublished observations). However, we found that radial migration of neurons in the neocortex was not affected and neocortical lamination was established normally in both Srf-Nestin-cKO and Srf-NEX-cKO mutant mice. Our observations differ from those of a recent study in which cortical lamination was shown to be affected in mice carrying neuron-specific deletion of SRF (Stritt and Knöll, 2010) . In this study, calbindin-positive cells were reduced in SRF-mutant neocortex while immunostaining for the neurofilament protein SMI-32, which also labels a subpopulation of cortical neurons (Campbell and Morrison, 1989) in layers III and V, showed mislocalization of Smi-32-positive cells between layers III and V. Calbindin-positive interneurons are mainly generated in the medial ganglionic eminences before they tangentially migrate to populate the neocortex (Marín and Rubenstein, 2003; Wonders and Anderson, 2006) , and we did not find any change in the total numbers of striatal calbindin-positive cells in Srf-Nestin-cKO mice at birth. In this study, we used both in situ hybridization and immunohistochemistry for several transcription factors that are expressed in specific cortical layers during mouse development (Gray et al., 2004) . We did not find any lamination defects in the neocortex of either Srf-Nestin-cKO or Srf-NEX-cKO mice at P0.5 or in 3-week-old Srf-NEX-cKO mice. If SRF is critical for neocortical lamination, this phenotype should be more severe in the Srf-Nestin-cKO mice, since SRF is deleted in all major cell types in the brain starting at E12.5 (our unpublished observations). Based on our observations, we conclude that SRF loss in neural precursor cells and in developing neurons does not affect layering of the neocortex. We also found that SRF deletion in radial glial cells in Srf-Nestin-cKO mice did not affect their morphology, suggesting that SRF-dependent transcription is not required for extension of radial glial processes.
Our study identifies specific roles for SRF during neuronal development. SRF plays a critical role in neural precursor cell homeostasis and in the formation of major axonal tracts in the brain. SRF is dispensable for neurogenesis and cell survival but contrary to recent findings, SRF is not required for neocortical lamination.
